
Using fluorescent material for enhancing microalgae growth rate
in photobioreactors

H. Delavari Amrei & R. Ranjbar & S. Rastegar &

B. Nasernejad & A. Nejadebrahim

Received: 28 November 2013 /Revised and accepted: 25 March 2014 
# Springer Science+Business Media Dordrecht 2014

Abstract This study investigates the spectral shifting UV-A
radiation by fluorescent material as a tool for enhancing
Chlorella sp. growth rate in photobioreactors made of UV-
stabilized polycarbonate (PC). The fluorescent dye was dis-
solved in a thermoplastic acrylic resin, and the mixture was
applied as a coating on to the substrates. The feasibility of using
the fluorescent coating as wavelength shifter layer to shift UV-
A radiation of a full spectrum light source to the photosynthet-
ically active region (PAR) was explored. For this purpose, a
solution of the fluorescent dye in resin was prepared and used to
coat front surface of the reactor. Comparing to the uncoated
reactor, the reactor coated with the wavelength shifter layer
exhibited about 10 % increase in biomass productivity over
the same culture period. It was also found that the elimination of
UV-A radiation increases chlorophyll a content in the cells.
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Introduction

Microalgae are photosynthetic microorganisms that convert
sunlight, water, and carbon dioxide to biomass. Algal biomass

can be a source of commercial high-value chemicals including
carotenoids, long-chain polyunsaturated fatty acids, and
phycobilins and biodiesel. Also, these photosynthetic micro-
organisms are useful in bioremediation applications, such as
biofertilizers and carbon dioxide biofixation (Chisti 2007;
Katsuda et al. 2006; Ranjbar et al. 2008; Borowitzka 2013).

In photoautotrophic cultivation mode, light is the major
energy sources for the growth of cells. The properties of the
light source, such as spectral power distribution and intensity
are critical for the growth of photoautotrophic microalgae.
Thus, the specific growth rate, content of photosynthetic pig-
ments, and biochemical composition of cells, such as lipid
content, can be influenced by the light source characteristics
(Hirata et al. 1998; Matthijs et al. 1996; Danesi et al. 2004;
Prokop et al. 1984; Wang et al. 2007; Chrismadha and
Borowitzka 1994). Many researchers have investigated the
effect of the wavelength on the growth of algae and
cyanobacteria (Katsuda et al. 2006; Matthijs et al. 1996;
Wang et al. 2010; Katsuda et al. 2008). Ideally, the wavelength
of the incident light should be matched with the pigment
spectral absorption curve of the individual microorganism to
maximize the amount of light utilized for photosynthetic pro-
cesses. In the case of chlorophyll, absorption bands are present
in the blue and in the red region of the visible spectrum
(Matthijs et al. 1996; Lee and Palsson 1994; Kohen et al. 1995).

The energy of the sunlight photons can be utilized as a
source for carbon dioxide reduction by photosynthetic micro-
organisms. The spectrum of the sun at the sea level includes
wavelengths in the range of >290 nm, while only the band
between 400 and 700 nm represents the photosynthetically
active radiation (Kohen et al. 1995). Therefore, most of the
radiation from the sun remains unused. In fact, by consid-
ering the actual photochemical efficiency, all of near-UV
(290–400 nm) and IR radiation and a part of visible radiation
are not photosynthetically active (Kohen et al. 1995). The
spectrum of ultraviolet light ranges from 100 to 400 nm and
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is divided into UV-A (315–400 nm), UV-B (280–315 nm),
and UV-C (<280 nm) (Sinha et al. 1998; Navntoft et al. 2009;
Estevez et al. 2001; Holzinger and Lütz 2006). Approximately
90–95 % of the near-UV photons of sunlight are in the UV-A
range, while the remaining is composed of UV-B radiation.
Both types of UV radiation have been shown to elicit physi-
ological responses in a variety of organisms (White and
Jahnke 2002; Turcsányi and Vass 2000; Castenholz 1997). It
has been demonstrated that exposing photosynthetic organ-
isms to UV light may result in direct photosynthetic damage
and causes photoinhibition (Herrmann et al. 1997; Helbling
et al. 1992). Therefore, spectral shifting of UV wavelength to
photosynthetically active region (PAR) not only causes less
damage to cells but also may lead to a higher number of
photons in the PAR which would increase the biomass pro-
ductivity of microalgae.

Integrating the spectral shifting into the photobioreactor
wall seems to influence the photosynthetic efficiency both
directly and indirectly. The spectrum modification is a well-
researched topic in physics and in chemistry and has been
applied, for example, to infrared quantum counters or efficient
lamp phosphors (Bloembergen 1959; Ronda 1995). It is also
one of the third-generation concepts suggested to overcome
the classical efficiency limit of silicon solar cells (Klampaftis
et al. 2009, Strümpel et al. 2007; Slooff et al. 2007; Richards
2006). There are two possibilities to use the high energy part
(350–550 nm) of the solar spectrum more efficiently, namely
pho to luminescence and down-conve r s ion . Fo r
photoluminescence, the quantum efficiency is always ≤1.0,
whereas for down-conversion, the quantum efficiency can be
>1 (Strümpel et al. 2007; Hovel et al. 1979). Many of the
materials like quantum dots (QDs), organic dyes, and rare
earth ions/complexes demonstrate that down-conversion or
photoluminescence is well suited for silicon solar cell appli-
cations (Strümpel et al. 2007; Slooff et al. 2007; Richards
2006; Hovel et al. 1979; van Sark 2008; van Sark et al. 2005;
Richards and McIntosh 2007; Maruyama and Kitamura
2001). These materials must exhibit (i) a high quantum effi-
ciency; (ii) a wide absorption band in the region where effi-
ciency of the cell is low; (iii) a high absorption coefficient; (iv)
a narrow emission band, coinciding with the peak of the
maximum photovoltaic efficiency of the cell; (v) good sepa-
ration between the absorption and emission bands in order to
minimize losses due to reabsorption; and (vi) low-cost and
prolonged photostability (Klampaftis et al. 2009; Strümpel
et al. 2007; Hovel et al. 1979; van Sark 2008; van Sark et al.
2005). These characteristics also seem to be of interest in
wavelength shifting strategies for photosynthetic applications.
Wondraczek et al. (2013) used Sr0.4Ca0.59Eu0.01S as a spectral
converter in a flat panel reactor growing Haematococcus
pluvialis. This converter was placed on the backside of the
reactor with a mirror to convert green light of the solar spectrum
passing through the broth to red and reflect the red light back

into the broth. They observed an about 36 % increase in cell
generation compared to the flat plate reactor without the
backside converter under solar radiation. Also, Xia et al.
(2013) used this technique to increase photosynthetic activity
in Spinacia oleracea. They used a Ca0.4Sr0.6S:Eu

2+ as con-
verter material on a backlight converter foil and observed a
more than 25 % increase in CO2 assimilation rate under metal
halide lamp radiation. Furthermore, different Lumogen F dyes
as fluorescent material have been used to enhance ofChlorella
vulgaris growth in different cultivation modes (Mohsenpour
et al. 2012; Mohsenpour and Willoughby 2013). They found
that biomass productivity of C. vulgaris increased up to 20 %
under Xenon arc lamp radiation. Changes in growth because
of the type of spectral conversion of light strategy were
dependent on the cultivation mode. Delavari Amrei et al.
(2013) used the fluorescent dye, Uvitex OB, for converting
UV-A to blue light in 50-mL culture flasks with
Synechococcus sp. They used coated polycarbonate sheets
with different concentration of the dye in front of each flask
and experimentally observed up to 38 % increase in the
biomass productivity under UV-A radiation.

In a previous study (Delavari Amrei et al. 2013), a trans-
parent acrylic-based coating on a UV-stabilized polycarbonate
(PC) sheet was used to change its optical properties and the
effects of shifting of UV-A radiation to blue light by the
fluorescent dye Uvitex OB on the growth of cyanobacteria
was investigated. For this purpose, a source that emitted only
UV-A radiation was used. In this study, a more realistic light
source was used. Both UV-A and visible wavelengths exist in
the spectral distribution of the light source. In fact, this source
was used as a full spectrum light. Also, the effect of Uvitex
OB as a photoluminescence material in a PMMA-based resin
on shifting the UV-Awavelengths of the full spectrum to PAR
for increasing the growth rate of Chlorella sp. was
investigated.

Materials and methods

Chlorella sp. (PTCC 6010) from the Iranian Research Orga-
nization for Science and Technology was used as a probe for
the efficiency of the UV-A to PAR shifts. This microorganism
was pre-cultivated in BG11 medium (pH∼8) (Imamoglu et al.
2010). After pre-cultivation in a 250-mL flasks (100 mL
working volume) under cool white fluorescent light with
25 μmol photons m−2 s−1, Chlorella sp. was inoculated into
a 2,000-mL flask (1,000-mL working volume) containing
900 mL standard inorganic medium. This medium contained
(in mg L−1) 300 NaNO3, 20 KH2PO4, 80 K2HPO4, 20 NaCl,
47 CaCl2, 10 MgSO4·7H2O, 0.1 ZnSO4·7H2O, 1.5
MnSO4·H2O, 0.08 CuSO4·5H2O, 0.3 H3BO3, 0.3
(NH4)·6Mo7O24·4H2O, 17 FeCl3·6H2O, 0.2 Co(NO3)2·H2O,
and 7.5 EDTA.
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Light source A metal halide lamp (MH-DE RX7S Daylight,
Alite, Germany) was used as a full spectrum light source.
About 10 % of emitted radiation from this lamp is in the UV
region. This lamp shows very sharp peaks in the visible
region. The color rending index (CRI) for this lamp is between
80 to 90 %.

Wavelength shifter sheets In order to make wavelength shifter
sheets, PC was used as the substrate. Solutions of fluorescent
dye Uvitex OB (BASF, Germany) in a thermoplastic acrylic

resin 0:1g−0B
30g−resin

� �
were applied on the sheets by air spray

technique at 3.5 bar using an air spray gun (Iwata W101,
Japan). The coatings were then dried after a short flash-off
time at 60 °C for 5 min.

Experimental setup After cultivation in a 2,000-mL flask,
540 mL of the broth was distributed equally in two
polycarbonate-based flat plate reactors with a capacity of
400 mL each (working volume of 270 mL or 3×9×10 cm3).
All sides of reactors are covered with aluminum foil which
acts as a light reflector, except for the side facing the light
source (Fig. 1). In one of these reactors, this face was coated
with the fluorescent material. The whole setup was placed in a
black enclosure at 27±1 °C for 14 days.

Measurement of the growth The optical density (OD) of the
broth was determined by measuring the absorbance of the
broth at 560 nm in a double beam UV/vis spectrophotometer
(V-550, JASCO, USA) with cell path length of 1 cm. For
measurement of biomass dry weight, a 10-mL sample of algal
suspension was filtered through a pre-dried and pre-weighed
47-mm Whatman paper filter (GF/F, nominal pore size of
0.7 μm) and washed twice with 20 mL of distilled water.
After that, the filter was dried in 105 °C overnight. It was then
placed in a desiccator and weighed to the nearest 0.1 mg for
the determination of biomass dry weight.

The relationship between the biomass concentration
(X, mg L−1) or dry weight (R2=0.97) and OD is obtained as
follows:

X ¼ 490� OD560 ð1Þ

The specific growth rate of the culture was calculated using
Eq. (2):

μ ¼
ln

X t

X 0

� �

t
ð2Þ

where μ is the specific growth rate (day−1) and Xt and X0 are
the biomass concentration at time t and at the beginning,
respectively.

The biomass productivity rate (P in mg L−1 day−1) was
estimated by Eq. (3):

P ¼ X F−X 0ð Þ
t F−t0

ð3Þ

where XF is the biomass concentration at the end of the
cultivation (tF).

Cell examination and counting was carried out by an im-
provedNeubauer hemocytometer (Brand,Wertheim, Germany).

In order to obtain the concentration and absorption spectra
of pigments, cells collected in 2-mL centrifuge tubes were
disrupted in an ultrasonic bath (LBS1, Falc, Italy) for 45 min.
The pigments were extracted with 2-mL methanol overnight
in an ice bath. The mixture was centrifuged at 2,500×g for
10 min to sediment the cell debris. Supernatant liquid was
used for the determination of the absorption curve of the
pigments using the UV/vis spectrophotometer. Finally, the
content of chlorophyll a and b and total carotenoids was
calculated according to Lichtenthaler and Wellburn (1985).

Absorption, emission, and transmittance spectra Absorption
spectra of the shifter sheets were determined using the double
beam UV-vis spectrophotometer with air as reference. Ab-
sorption spectra of shifter layers for different samples were
obtained by considering uncoated PC sheet as reference.
Emission spectra of the shifter layer and output spectrum of
the light source were determined using a high-resolution spec-
trometer (HR4000 Ocean Optics, USA).

Visible light and UV-A intensity were measured by a light
meter (TES-1330A, Taiwan) and UV light meter (UV-340,
Lutron, Taiwan), respectively. The bulb-sample distance was
regulated so that the intensity of the light at the front surface of
reactors was 1,200 lx. This corresponds to a photon flux rate
of about 25μmol photons m−2 s−1 for the metal halide lamp. A
linear relationship was found between the intensity of the
radiation measured by the lux-meter or the UV-A-meter and
the area under the spectral distribution curve obtained by the
spectrometer.

Results

As presented in Fig. 2, the shifter layer shows two different
absorption peaks: one at 370 nm and the other at 380 nm.
Emission spectra of the coated sheets exhibit two peaks at
435 nm and the other at 465 nm. The former is close to one of
the absorption peaks of chlorophyll a at 430 nm, and the latter
is close to one of the absorption peaks of chlorophyll b at
460 nm. Both peaks of the emission spectrum corresponded to
the absorption band of chlorophylls+carotenoids (gray area in
Fig. 2) (Kohen et al. 1995; Solovchenko 2010).
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In order to obtain the highest photostability, PC is stabilized
using UVabsorber additives. In PC plates, the light emerging
at the broth does contain a very low amount of UV-A radia-
tion. By coating plates with fluorescent material, some of the
UV-A radiation converts to visible light and therefore the
transmittance of the UV-A radiation from plates becomes less
than that of the uncoated plates. Therefore, it is rational to
compare the effect of the coated and uncoated PC-based
reactors. This can show how the wavelength shifting strategy

will influence the specific growth rate and the biomass
productivity.

The uncoated PC sheet shows an acute absorption of UV-A
wavelengths (Fig. 3). This minimizes the transmission of the
UV-A radiation through the uncoated PC sheet. For the coated
PC sheet, due to the fluorescent characteristic of the wave-
length shifter layer, some of the UV-A radiations are converted
to visible light (400–600 nm), while hitting this layer and most
of the remainingUV-A radiationwas absorbed by the PC itself.

Fig. 2 Absorption spectrum of the shifter layer (dotted line) and emission
spectrum of the coated PC sheet (solid line). Gray transparent vertical
bar represents absorption band of chlorophylls+carotenoids

Fig. 3 Absorption spectrum of coated and uncoated PC that used in wall
the photobioreactors

Fig. 1 Schematic diagram
of flat plate photobioreactors
used in this study
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The spectral power distributions of the light reaching the
broth of coated and uncoated reactors are presented in Fig. 4.
By considering spectra B and C in this figure, most of the UV-
A radiations emitted from the metal halide lamp (spectrum C)
are removed by the reactor wall. In fact, a little UV-A radiation
reaches the broth in the uncoated reactor, whereas for the
coated reactor, all of the UV-A radiations were absorbed by
the shifter layer and reactor wall. The percentage of UV-A and
PAR radiation and total intensity for different spectra are
presented in Table 1. The intensity of different spectra was
calculated from the surface area under the corresponding
curve in Fig. 4. This surface area and intensity have a linear
relation (R2=0.98). As shown in Table 1, total and visible light
intensity that reaches the broth in the coated reactor is more
than that in the uncoated reactor. Furthermore, because of the
reflectance and absorbance characteristic of PC sheet (or the
reactor wall), intensity of spectra A and B is about 80 % of
intensity of spectrum C.

Time course for Chlorella sp. growth in the different reac-
tors is shown in Fig. 5, and the growth parameters are pre-
sented in Table 2. The maximum specific growth rate in the
coated reactor showed higher values. Comparing to the un-
coated reactor, the coated reactor with the wavelength shifter
layer exhibited a 10 % increase in the biomass productivity
during the same culture period.

The chlorophyll content in the cell for the broth of coated
reactor is higher than uncoated one (Table 2). In fact, reduc-
tion of UV-A radiation enhanced the chlorophyll content in
the cells. Therefore, it seems that for its production, spectral
distribution of the light is important.

Discussion

Shifting of UV-A wavelengths of the full spectrum light
source to blue light was investigated for improving the growth
rate of microalgae. Using Chlorella sp. in a PC-based reactor
that was coated with Uvitex OB, an increase in the biomass
productivity rate of 10 % compared to the reactor without
coating was achieved. Despite of the fact that the energy
intensity reaching the broth of the coated reactor is lower than
that of the uncoated reactor, the biomass productivity in the
coated reactor is more than the uncoated one. In other words,
converting the UV-A radiation emerging at the surface of the
walls of the photobioreactor into visible light by a shifter layer
increases the biomass productivity rate. For this purpose,
Uvitex OB was used as fluorescent dye to shift UV-A photons
to PAR. Because of corresponding of peaks of emission
spectrum of the dye with absorption band of chlorophyll+
carotenoids (Kohen et al. 1995; Solovchenko 2010), the fluo-
rescent dye is suitable for shifting the wavelengths fromUV-A
range to PAR. Furthermore, absorption and emission spectra
of the dye overlapped at a very short range (∼400–420 nm)

Fig. 4 Irradiance and transmittance spectra. a Irradiance spectrum of
metal halide at the surface of the reactor, b spectrum after the light passes
uncoated surface before falling into the broth and c spectrum after light
passes coated surface before falling into the broth

Table 1 Total energy intensity and percentage of UV-A and visible light

Spectrum Total intensity
(300–700 nm)
(a.u.)×104

UV% (300–400) PAR%
(400–700)

A 12.7 9.7 90.3

B 10.3 1.7 98.3

C 9.9 0.0 100

Fig. 5 Time course for cell growth (OD at 560 nm) in photobioreactors
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(Fig. 2), and this can cause the reabsorption and energy loss to
be minimized.

The shifter layer was assumed to be a homogeneous medi-
um, consisting of PMMA and the fluorescent dye. PMMA is a
suitable matrix for dissolving the luminescent species and
exhibits high transmittance, particularly in the PAR region
where the cell’s response is high. In this medium, a photon
can experience different events. As can be seen in Fig. 6, the
incident photons (a) are absorbed and reemitted with wave-
length longer than that at the absorption band of the shifter
layer. The majority of the shifted photons will leave the shifter
layer directly (b) or following internal reflection at air: shifter
layer interface (c) or via reabsorption (d) and through reemis-
sion by dye molecules (e). A fraction of the shifted photons
will exit through the top of shifter layer (f) or through its sides
(g); a small amount will be absorbed by the host material (h).
Also, some of the incident photons could be absorbed
completely by the host material (i) or dye molecules (j). A
small part of the incident photons can also be reflected (k)
through the surface of the shifter layer or unabsorbed (l)
(Klampaftis et al. 2009; Rowan et al. 2008). Some of the
emitted photons toward the top or the side of the wavelength
shifter layer will escape. For the case of air and PMMA (with

refractive index of 1.5), photons that escape from the top plane
have been quantified to be in the range of ∼12.5 %
(Klampaftis et al. 2009). The losses from the side of the sheet
for thin large-area layer are usually not included in calculation
and estimation of overall losses (Klampaftis et al. 2009).
Furthermore, the number of emitted photons absorbed by the
transparent host material (PMMA) is negligible. Thus, about
87 % of emitted (blue) photons leave the shifter layer. The
enhancement of the number of blue photons within the reactor
is the reason for the improvement in the biomass productivity
and cell generation.

Based on the polynomial interpolation of the data of
McCree (1972) for a variety of crop plants, the average
quantum efficiency in photosynthesis for blue light is ∼0.67
and for red light is ∼0.82. Therefore, it seems that shifting of
UV-A to red region compared to blue region causes increased
biomass production. Regardless of the shifting strategy, more
work is needed since fluorescent materials which are used for
this purpose should be characterized for their quantum effi-
ciency, photostability, and filtration of PAR.

Since the fluorescent material used in this study is only
excited with UV radiation and is transparent to PAR, the air
spray technique and drying conditions of the shifter layer

Table 2 Growth parameters of
Chlorella sp. in photobioreactors

Ca Chlorophyll a, Cb Chlorophyll
b, CX Total carotene

Reactor μmax P

(mg L−1 day−1)

Cell no.

(106 cells mL−1)

Ca-14 days Cb-14 days CX-14 days

% g−pigment
g−biomass

� �

Uncoated 0.43 42 27 0.75±0.09 0.5±0.05 0.25±0.10

Coated 0.47 49 48 0.95±0.1 0.36±0.03 0.35±0.06

Fig. 6 Different light passes in the shifter layer
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should be carefully done to prevent any translucency or opac-
ity in the PAR. Otherwise, the nontransparent sheet will filter
PAR of the full spectrum light and causing the wavelength
shifting technique to become less efficient. Also, since both
intensity and spectral distribution of the light have a direct
impact on the biochemical composition of microalgae cells
including lipids and the metabolism of fatty acid synthesis
(Chrismadha and Borowitzka 1994; Sukenik 1991), it is sug-
gested that biochemical composition of microorganisms
should also be considered in choosing a suitable wavelength
shifting strategy.

In conclusion, it was found that converting the UV-A
radiation of the full spectrum light emerging at the surface of
the photobioreactor walls into visible light using an integrated
wavelength shifting strategy increases the biomass productiv-
ity rate. This can be attributed to the improved quality and the
optimized quantity of the light emerging at the broth. The
implications of this work are significant in the area of design
and construction of photobioreactors for large-scale
production.
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